NVIDIA 0 5 10 15 20 0 5 10 subdivision depth G rays/s [Nakamaru and Ohno 2002] Our method Figure 1 : While the approximation of fibers by "ribbons" results in wrong intersections (left), our method computes correct intersections on the surface (middle). In addition, the performance of methods pruning with overlapping AABBs drops dramatically with increasing subdivision depth, whereas ours prunes more efficiently and allows for early termination (right).
INTRODUCTION
Subdivision-based methods provide a fast and numerically reliable way to find intersections between rays and fibers, for example, modeled as a sweep surface along Bézier curves with a circular cross section and a parametric radius, which may vary along the curve. The fastest methods prune subregions using axis-aligned Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s). SIGGRAPH '18 Talks, August 12-16, 2018 , Vancouver, BC, Canada © 2018 Copyright held by the owner/author(s). ACM ISBN 978-1-4503-5809-5/18/08. https://doi.org/10. 1145/3214745.3214805 bounding boxes (AABBs) and determine the final intersection using the distance to linear segments by projecting the curve into a raycentric, two-dimensional coordinate system, in which the ray starts in the origin and points along one axis [Nakamaru and Ohno 2002] . However, the shape resulting from the approximation by "ribbons" only very coarsely approximates the intended shape of the fiber: Intersections are found at the closest point of approach of the ray and the fiber, which is almost always inside the fiber. The resulting parametric position significantly differs from the actual intersection on the surface for any ray that is not exactly perpendicular to the fiber tangent, which leads to the unsolvable chicken and egg problem of trying to calculate the radius at a position, where the determination of this position already requires the radius. Consequently, finding the correct normal is impossible and the approximated shape may even catastrophically deviate.
While axis-aligned bounding boxes allow for very fast pruning, their overly conservative volume leads to disastrous amounts of false positives in pruning tests, especially for high numbers of subdivisions, see Figure 4 . Finally, the increasingly overlapping bounding volumes do not allow for early termination, and at high numbers of subdivisions result in an exponential growth of regions that cannot be pruned.
In the following, we describe our algorithm that overcomes all these deficiencies by pruning using disjoint bounding cylinders. This algorithm not only delivers precise intersections on the surface of a fiber with accurate normals, but also performs significantly better at high numbers of subdivisions.
ALGORITHM
Intersections are found by recursively bisecting the curve and pruning regions that cannot be intersected by the ray. After a termination criterion is met, e.g. a fixed number of subdivisions, the final intersection with the linearized segment, represented by a cylinder with oriented end caps, is computed. left, right left, right left, right right, left Figure 2 : Tight bounding cylinders improve the efficiency of pruning tests, and the partition into disjoint volumes by planes allows for instant termination after the first intersection has been found. Figure 3 : A loop violating the constraints required to construct disjoint bounding volumes must be pre-split.
Efficient Hierarchical Pruning
Each region is conservatively bounded by an oriented cylinder, which is partitioned by a plane in the split point perpendicular to its tangent. Only if the intersection of the ray with the plane is inside the cylinder, both sub-regions must be considered. Figure 2 shows an example with four possible cases.
The axis of a cylinder is p 3 − p 0 , its origin is p 0 , and its radius is conservatively bounded by the sum of the maximum radius of the fiber in the current interval and the maximum of the distances of p 1 and p 2 to the cylinder axis. The interval of the t-parameter of the ray is initialized by its intersection with the planes perpendicular to the tangents of the curve at both ends of the fiber. In each subdivision step, one of the interval bounds is updated; both are recalculated after backtracking.
As all pruning tests are performed with disjoint bounding volumes and refinement always continues with the closest sub-region, subdivision can immediately terminate after an intersection has been found. Early termination is essential for a high number of subdivisions, because otherwise the number of unpruned regions may grow exponentially with subdivision depth.
A bisection into subregions that can be bounded by disjoint bounding volumes poses well-defined restrictions on the allowed sets of control points. Curves that do not fulfill these constraints must be pre-subdivided. At the same time, the constraints also ensure that curves with valid configurations cannot be split into invalid ones. An example for a forbidden configuration is shown in Figure 3 .
While it would be possible to also allow for splits into overlapping bounding volumes, the overhead of checking the criteria in every subdivision step and recording the ones that overlap does not pay off in practice in most use cases since the number of such configurations is usually very low. As furthermore the cost of presplitting is very moderate, the overall penalty is almost negligible.
Recursion is performed iteratively by maintaining a bit string in which each subdivision level is represented by one bit. This bit is set 0 15 30 75 Figure 4 : Using axis-aligned bounding boxes for pruning is inefficient (left) and hence results in many more tests as compared to using tight, disjoint bounding cylinders (right).
to one if both subregions must be considered, and only in this case backtracking is required. Then, the control points are recalculated to avoid maintaining a stack of control points.
Upon termination, the intersection of the ray with the bounding cylinder already determines the intersection and the normal of the linearized segment, and thus no additional effort is required.
Numerical Robustness
A naïve implementation using four control points (p 0 , p 1 , p 2 , p 3 ) suffers from severe floating point precision issues due to cancellation in differences required to determine the cylinder axis (p 3 − p 0 ) and the tangent in the the split point.
Therefore, we use a representation tailored to our pruning test: We maintain the first control point p, the tangents in the start and end points t 0 /t 1 , and the direction d := p 3 − p 0 . This representation requires different subdivision rules, which in fact can be computed even slightly more efficiently.
Performance
Intersecting with bounding cylinders in a ray-centric coordinate systems where the ray starts in the origin o and points along the positive z axis allows for many simplifications throughout the entire algorithm since ∀v ∈ R 3 : ⟨v, d⟩ = (0, 0, v z ) T and v − o = v.
The transformation into the coordinate system only needs to be performed once per ray at the very beginning. A reliable orthonormal basis can be efficiently constructed using Duff et al.'s recent improvement of Frisvad's method [Duff et al. 2017] .
The overhead of pruning with oriented cylinders instead of axisaligned bounding boxes remains in the practical range for small numbers of subdivisions, while for a high number of subdivisions, the method performs significantly faster. Figure 1 shows the performance for intersecting ∼1 million rays with a single fiber on an NVIDIA Titan V. Note that in practice, intersection cost is almost always dominated by the performance of traversing the hierarchy referencing the fibers and other geometry in the scene. Still, we calculate accurate intersections and normals on the surface in a reliable way and do so either with a small overhead or -if high precision is of concern -dramatically faster.
